Objective-To study the effects of variability in the duration of the QT interval corrected for heart rate (QTc) on the occurrence of sudden death. Design-Nested case-referent study. Subjects-Cohort of 6693 consecutive patients who underwent 24 hour electrocardiography and were followed up for two years. Risk implications of QTc interval variables were studied in patients without evidence of cardiac dysfunction or of an intraventricular conduction defect (104 died suddenly and 201 patients were randomly drawn from the study cohort). Main outcome measures-Mean QTc interval duration and variation in QTc duration over time correlated with occurrence of sudden death. Results-Patients with a prolonged mean QTc over 24 hours (>440 ms) had a 2-3 times (95% confidence interval 13 to 4.5) higher risk of dying suddenly than patients with a normal mean QTc (400-440 ms); patients with a shortened mean QTc (<400 ms) also had a higher risk (relative risk 2-4 (1.4 to 4.3)).
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Patients with low (<20 ms) and high ( >25 ms) long term variation in QTc duration had an increased risk of dying suddenly compared with Although ample evidence suggests that disturbance of autonomic nervous system activity is accompanied by an increased risk of sudden death,' no large epidemiological studies have been undertaken on this subject.
Extensive studies of autonomic nervous system function in high risk patients were recommended by the fourth task force on non-pharmacological interventions in sudden cardiac death which was set up at the American Heart Association's conference on behavioural medicine and cardiovascular disease in 1985.2
Part of the effects of the autonomic nervous system on the occurrence of sudden death is related to the balance between the activity of the left and right sympathetic nervous system and another part to the balance of the sympathetic and parasympathetic nervous systems. In patients with the long QT syndrome clinical and experimental data support the theory that an imbalance of the left and right cardiac sympathetic innervation forms the pathophysiological basis for the frequently occurring ventricular arrhythmias. Primary hypoactivity of the right cardiac sympathetic nerves results in reflex hyperactivity of the left nerves.3 Also, a prolonged QT interval corrected for heart rate (QTc) measured during standard 12 lead electrocardiography is associated with a twofold risk of sudden death.4 5 We surmised that if sudden death is precipitated by a disturbance of the balance between left and right sympathetic activity in damaged hearts these disturbances as evidenced by variation in QTc duration might identify patients with an increased risk of dying suddenly. We therefore studied the risk of sudden death associated with variability in the QTc interval in a cohort of 6693 consecutive patients who underwent 24 hour ambulatory electrocardiography. arrhythmias. QT intervals not selected for review in one of the three half hour episodes were adjusted for the mean difference of QT measurements before and after review in the three selected half hour episodes in the particular 24 hour electrocardiogram All QT analyses were performed using heart rate corrected QT intervals (QTc).8 Table 1 with the characteristic was obtained by extrapolating the findings for the QT variable in the sample to the whole study cohort-that is, by multiplying the number of patients with the characteristic in the sample by 6693/268, the inverse of the sampling fraction. In this calculation a correction factor of 241/245 was used to compensate for the exclusion of four cases. The risk of sudden death among patients without the characteristic was obtained similarly. The 95% confidence interval of the odds ratio was used and calculated from the data laid out for a case-control study.°W e used stratified analysis and logistic regression to calculate adjusted relative risks to assess the influences of independent risk factors of sudden death that were unequally distributed between patients with and without a given QT variable. Table 2 shows the distribution of baseline characteristics of the 104 patients who died suddenly and the 201 patients from the random sample selected for the QTc data analysis. Risk factors for sudden death were more prevalent among those who died suddenly-for example, age and history of myocardial infarction, angina, and diabetes mellitus. Also, patients from the random sample took fewer amounts of digitalis,,B blockers, and diuretics, but the use of antiarrhythmic drugs was similar in both groups of patients. increased risk was found in both high and low extremes, as well as when the analysis was restricted to the three edited episodes.
Results
During the assessment of the influence of other risk factors for sudden death on the crude relative risk estimates we found that the combination of age and history of myocardial infarction altered the estimates slightly (table 3, right column); addition of other patient characteristics, including drug use and serum potassium concentration, to the logistic models yielded no further relevant changes.
The data in Table 4 Bazett is the most widely used, for example, to diagnose the long QT syndrome.' The U shaped risk curve of QTc interval duration also emerged in the subgroup with lowest mean heart rate. At these heart rates only minor differences exist between QT and QTc interval duration. We therefore concluded that our observation on shortened QTc is unlikely to be explained by the use of the Bazett formula.
Secondly, all studies on QTc duration derived from standard 12 lead electrocardiography, including ours, used standard leads I, II, and III. During 24 hour electrocardiography, however, bipolar leads were used which correspond best with the unipolar leads V2 and V5. Thus, it is more appropriate to compare QTc measurements in leads V2 and V5 with their equivalents from a 24 hour electrocardiogram. QTc in lead V5 did not show an increased risk for patients with shortened QTc while in lead V2 a trend (relative risk of 1 3) was observed. Theoretically a long QT interval in one lead may concur with a short QT interval in another lead if.the last part of repolarisation in that lead is isoelectric. Our data showed that the relation of shortened QTc to an increased risk of sudden death was most pronounced in the anteriorly placed leads: V2 in standard 12 lead electrocardiography and in the V2 equivalent lead in 24 hour electrocardiography. Thus, in some patients with prolonged repolarisation the terminal phase may occur in the frontal plane only, perpendicular to the lead axes of anteriorly located leads and hence invisible from there.
Thirdly, the frequency characteristics of 24 hour electrocardiographic systems are limited."3 This might lead to distorted registration of repolarisation and a systematic error in measuring QT duration. This does not, however, explain the U shaped risk curve.
Fourthly, mean QTc over 24 hours is based on QTc computations in which QT intervals measured by computer and a running RR average are used, a large range of heart rate is covered, and an average over 24 hours is determined compared with the simple calculation of QTc from standard resting 12 lead electrocardiography, in which one QT and one RR interval are used. Nevertheless, those computational differences probably do not play a major part because shortened QTc in the three edited episodes had the same risk implications. Moreover, the same trend was found for the other QTc duration variables, whereas the effect did not depend on heart rate.
We conclude therefore that we may have observed a true pathophysiological phenomenon. If re-entry is responsible for sudden death and re-entry is more likely to occur with heterogeneous repolarisation and a short excitation wavelength (the product of refractory period and conduction velocity) then at least two explanations may be given for an increased risk of sudden death with a shortened QT interval. Firstly, heterogeneous repolarisations may seem to be complete from anteriorly located electrodes. This is an artefact because terminal repolarisation occurs in a plane which cannot be observed from this electrode. A discrepancy between QT duration from different leads may then be interpreted as evidence of heterogeneous repolarisation, one of the conditions for reentry arrhythmias. Secondly, a short QT interval may be the result of a short refractory period, which would yield a short excitation wavelength predisposing to re-entry. ' 
IMPLICATIONS
Given the elaborate procedure used in this study to obtain QTc variables from 24 hour electrocardiography and the limited risk implications of these variables with regard to the occurrence of sudden death, measurement of QTc in 24 hour electrocardiograms may have limited value in routine clinical practice. The finding, however, that shortened mean QTc derived from 24 hour electrocardiograms is related to an increased risk of sudden death may stimulate new research on the effect of electrode localisation on QTc duration and its pathophysiological mechanisms.
LIMITATIONS OF THE STUDY
The criteria to classify the cases of sudden death were pragmatic because information on cause and circumstances of death had to be obtained between one and four years after death. More strict criteria may be used only when cases are ascertained concurrently. All available data were studied in detail, and three investigators (AA, JP, and JRTCR) had to agree on the classification.
The occurrence of sudden death in the cohort was conditional on interventions after 24 hour electrocardiography. Therefore the findings during routine analysis of the 24 hour electrocardiograms may have influenced intervention strategies. This would jeopardise the validity of estimating the effect of the electrocardiographic variables on sudden death. In clinical practice, however, only extremely prolonged QTc would lead to specific intervention; the other electrocardiographic variables (heart rate variability and QT interval variability) are not generally used in clinical practice. Thus, our estimates of relative risk are unlikely to have been influenced by the findings on 24 hour electrocardiography. Nevertheless, when interpreting the results of our study it should be remembered that the findings are conditional on the treatment given, which may have been influenced by the electrocardiographic findings.
